Abstract: This paper describes a test program on cold-formed lean duplex stainless steel members in combined compression and minor axis bending. The test specimens were cold-rolled from flat strips of lean duplex stainless steel grade EN 1.4162. In this study, square and rectangular hollow sections were compressed at different eccentricities, in order to obtain a beam-column interaction curve for each series of tests. Initial overall geometric imperfections of the members were measured prior to testing. The ultimate loads and the failure modes of each specimen were obtained. The observed failure modes include local buckling, flexural buckling and interaction of local and flexural buckling. The test strengths obtained from this study and other available data were compared with the design strengths predicted by the American Specification, Australian/New Zealand Standard and European Code for stainless steel structures. It should be noted that these specifications do not cover the material of lean duplex stainless steel. Therefore, the suitability of the beam-column design rules in these specifications for lean duplex stainless steel is assessed in this study. Generally, these specifications are capable of predicting the beam-column strengths of the lean duplex stainless steel test specimens, and the design rules in the specifications are considered to be reliable. It is observed that the European Code generally provides quite conservative predictions for the beam-column specimens compared to the American Specification and Australian/New Zealand Standard predictions.
Introduction
Cold-formed lean duplex stainless steel, with both structural and economical advantages, is becoming an attractive choice as a construction material. It has a low nickel content compared to other grades of stainless steel, which reduced the material cost. In addition, it is regarded as a high strength material with the nominal yield strength (0.2% proof stress) of 450 MPa. However, investigation of such relatively new material is very limited. Huang and Young [1] investigated the material properties of cold-formed lean duplex stainless steel, including the yield strength, ultimate strength, Young's modulus, residual stress, local imperfection, and stub column strengths. Huang and Young [2, 3] as well as Theofanous and Gardner [4] carried out experimental and numerical investigations on cold-formed lean duplex stainless steel columns. It is found that the current design specifications generally provide conservative predictions to the column strengths of cold-formed lean duplex stainless steel. Modified column design rules based on the current design specifications have been proposed. Huang and Young [5] as well as Theofanous and Gardner [6] investigated the structural behaviour of cold-formed lean duplex stainless steel flexural members. The flexural strengths of the structural members obtained from experimental and numerical investigations were compared with the design strengths predicted by different design rules. It is found that the existing design rules are generally conservative for the lean duplex stainless steel beams, and beam design rules were also proposed.
Structural members subjected to combined compression and bending are commonly used in construction. Previous researchers have investigated stainless steel structural members subjected to axial compression and bending. Kouhi et al. [7] carried out tests on beam-column specimens of rectangular hollow section (RHS) for austenitic stainless steel grade EN 1.4301 (AISI 304). The test results were compared with the design strengths calculated by European Code. It is suggested that the limitation of the magnification factor should be ignored for a more conservative and less scattered predictions. Macdonald et al. [8] conducted beam-column tests on lipped channel section for austenitic stainless steel grade EN 1.4301. It is found that interaction formula in European Code provides very conservative predictions for the beam-column strengths, when the virgin 0.2% proof stress and the linear elastic moment capacity were used. The predictions can be improved by using the 0.2% proof stress obtained from the fabricated sections, which include the strength enhancement due to cold-working, together with the moment capacity obtained from the beam tests. Greiner and Kettler [9] evaluated the interaction factor in the interaction formulae for the prediction of beam-column strengths in EC3 Part 1.4 [10] . Numerical simulations for I-sections and hollow sections of austenitic stainless steel (grade EN 1.4301) and duplex stainless steel (grade EN 1.4462) beam-column specimens were performed. A set of interaction factors for stainless steel beam-columns is proposed for different sections. It is found that the interaction formulae for carbon steel are also suitable for stainless steel, when the proposed interaction factors are used. Lui et al. [11] conducted a series of tests on cold-formed duplex stainless steel grade EN 1.4462 (S32205). The beam-column test strengths were compared with design strengths predicted by the American Specification (ASCE) [12] and Australian/New Zealand Standard (AS/NZS) [13] for stainless steel. It is found that the current design specifications are generally conservative for the duplex stainless steel beam-columns. Talja and Salmi [14] conducted beam-column tests for cold-formed RHS of austenitic stainless steel grade EN 1.4301. The test results were compared with the design strengths calculated by the beam-column design rules in the EC3 Part 1.3 [15] . It is suggested that the limitation for magnification factor in the interaction formulae should not be used.
It should be noted that there is no investigation on cold-formed lean duplex stainless steel beam-column members up to now. The purpose of this paper is to provide test data on cold-formed lean duplex stainless steel members in combined axial compression and bending.
Furthermore, the suitability of the current design rules in the American Specification (ASCE) [12] , Australian/New Zealand Standard (AS/NZS) [13] and European Code (EC3) [16] for cold-formed lean duplex stainless steel beam-columns is assessed. Lastly, the beam-column design rules were evaluated using reliability analysis.
Test specimens
Cold-formed lean duplex stainless steel members were tested under combined compression and bending in this study. The cold-formed lean duplex stainless steel grade EN 1.4162 is considered to be a high strength material with nominal 0.2% proof stress of 450 MPa [17] .
The test specimens were cold-rolled from flat strips into four different cross-sections, including two square hollow sections (SHS) and two rectangular hollow sections (RHS). The nominal section sizes (D×B×t) of the SHS and RHS are 50×50×1.5, 50×50×2.5, 100×50×2.5 and 150×50×2.5, where D, B and t are the depth, width and thickness of the cross-sections in millimeter, respectively. Each specimen was cut to a specified length of either 550 or 1550 mm. Both ends of the specimens were milled flat and then welded to 20 mm thick steel end plates for the specimens to be connected to the end bearings. Four different cross-sections with two different column lengths for each section provided eight series of beam-column tests. The specimens were compressed by different eccentricities that ranged from around 2 to 55 mm, in order to obtain a beam-column interaction curve for each series of tests. A total of 37 beam-column specimens were tested in this study.
The test specimens were labeled such that the nominal cross-section geometry, specimen length, and loading eccentricities could be identified, as shown in Tables 1 -8. For example, the label "50×50×1.5L550E55R" defines the following specimen: the dimension before the letter "L" indicates the nominal cross-section geometry (D×B×t) of the specimen; the letter "L" indicates the length of the specimen, and the following digits represent the nominal length of the specimen in millimeters (550 mm); the following part of the label "E55"
indicates the nominal loading eccentricity at the ends of the specimen (55 mm); and if a test was repeated, then the last letter "R" indicates the repeated test. The measured loading eccentricities and cross-section dimensions of each test specimen are shown in Tables 1 -8. The cross-section dimensions in Tables 1 -8 are the average measured values at both ends of each test specimen.
The material properties of the test specimens were determined by tensile coupon tests on the flat portions of the cross-sections, as detailed in Huang and Young [1] . The tensile coupons were extracted from the same batch as the beam-column specimens in this study. The material properties obtained from the coupon tests, including the static 0.2% proof stress (σ 0.2 ), static tensile strength (σ u ), initial Young's modulus (E o ), elongation at fracture (ε f ) and Ramberg-Osgood parameter (n), are summarized in Table 9 .
Geometric imperfection measurements
Initial overall geometric imperfections of the beam-column specimens were measured prior to testing. Theodolite was used to obtain readings at the mid-length and near both ends of the specimens. The geometric imperfections were measured at the flat width near the corner, as shown in Fig. 1 . The overall geometric imperfections at mid-length (δ) are normalized by the specimen length (L), as summarized in Table 10 . The sign convention of the overall geometric imperfections and the location of measurement are shown in Fig. 1 The maximum initial local geometric imperfections of the specimens measured by Huang and Young [1] were 0.31, 0.101, 0.348 and 0.679 mm for cross-sections 50×50×1.5, 50×50×2.5, 100×50×2.5 and 150×50×2.5, respectively. These specimens were also from the same batch as the beam-column specimens in this study. The local geometric imperfection measurements are detailed in Huang and Young [1] .
Combined compression and bending tests

Test setup and test procedure
The cold-formed lean duplex stainless steel members were compressed between pinned ends with different eccentricities. A hydraulic testing machine was used to apply compressive force to the specimens. The test rig and the test setup are shown in Fig. 2 . The specimens were welded with end plates. The pin-ended bearings were used at both upper and lower end supports to allow free rotation of the specimens about the minor axis only. Each pin-ended bearing is made up of knife-edge wedge plate and pit plate. The wedge plate has slot holes to allow adjustment of the column specimen to be loaded at a specified eccentricity. One of the pit plates was connected to a rigid plate at the upper end support, while the other pit plate was connected to a special bearing at the lower end support. The end plates of the specimen were bolted to the two knife-edge wedge plates. The specimen was then put into the testing machine between the two pit plates, so that the knife-edge of the lower wedge plate was seated on the V-shape pit of the lower pit plate. Initially, the special bearing was free to rotate in any direction. The lower and upper wedges were positioned in-line and then applied approximately 5 kN to the specimen. This procedure would eliminate any possible gaps between the wedge plates and the pit plates in the pin-ended bearings, since the special bearing was free to rotate in any direction. The special bearing was then restrained from twisting and rotation by using the horizontal and vertical bolts, respectively. The applied load on the specimens was then released to approximately 2 kN to allow the test starts with a small initial load. The small compression load ensures full contact in the pin-ended bearings.
Three displacement transducers (LVDTs) were used to measure the axial shortening and the end rotation of the specimens. In addition, displacement transducers were located horizontally at mid-length of the specimens to measure the horizontal deflection of the specimen about the bending axis. Strain gauges were attached in the axial direction at mid-length of the specimens to determine the loading eccentricity and local buckling. Four strain gauges were located on the webs near the corners for all specimens to determine the loading eccentricity. Two additional strain gauges were located in the middle of the webs for columns having specimen length of 550mm to observe the occurrence of local buckling.
Displacement control was used to drive the hydraulic actuator at a constant speed of 0.2 mm/min for all tests. The static load was recorded by pausing the applied straining for 2 min near the ultimate load and post-ultimate load. A data acquisition system was used to record the applied load, the readings of the LVDTs and strain gauges at regular intervals during the tests.
Loading eccentricity
It is important to measure the eccentricity (e) accurately, in order to compare the test strengths directly with the design strengths calculated from the measured loading eccentricity.
Prior to the tests, the distance between the minor axis of the specimens and the knife edge of the wedge plate was adjusted to a specified eccentricity. Four strain gauges and a displacement transducer were used to determine the loading eccentricity at the mid-length of the specimens during testing. The applied load, longitudinal strains and overall deflection at mid-length about the bending axis of the specimens were recorded to determine the loading eccentricity. The bending moment of the specimens at mid-length equals to E o I y κ, and also equals to the applied compressive load (P) multiply by the loading eccentricity (e + δ ) together with the lateral deflection (∆). Therefore, the measured loading eccentricity is determined as (e + δ ) = (E o I y κ/P -∆), where E o = initial Young's modulus; I y = second moment area of the sections about the minor axis; κ = curvature of the specimens which was calculated using the readings of the strain gauges; P = applied compressive load; and ∆ = overall horizontal deflection at mid-length of the specimens about the bending axis. The 
Test results
The experimental ultimate axial loads (P Exp ), end moments (M end,Exp ), second-order elastic moments (M e,Exp ) and inelastic moments (M i,Exp ) corresponding to ultimate axial loads, and the failure modes of the beam-column tests are shown in Tables 11-18 . The end moment (M end,Exp ) corresponding to the ultimate axial load equals to the ultimate axial load (P Exp ) multiply by loading eccentricity (e + δ ). The inelastic moment (M i,Exp ) and second-order elastic moment (M e,Exp ) corresponding to the ultimate axial load are calculated by Eq. (1) and (2), respectively.
where ∆ u is the overall horizontal deflection at mid-length of the specimen at ultimate axial load; and P e is the elastic buckling load. The curves of the axial load (P) versus the inelastic moment as well as the axial load versus the end moment for Series 50×50×1.5L550 and that the second order effect on the long specimens of Series 50×50×1.5L1550 is significant compared to the end moment, while it is less significant on the shorter specimens of Series 50×50×1.5L550. Similar phenomenon was also observed for other test series. This is because the overall deflection about the bending axis was large for the long specimens, and relatively small for the shorter specimens.
The failure modes observed at ultimate load of the specimens involved local buckling (L), flexural buckling (F) and interaction of local and flexural buckling (L+F). 
Reliability analysis
The reliability of the beam-column design rules in the current specifications, including ASCE [12] , AS/NZS [13] and EC3 [16] , was evaluated using reliability analysis. Reliability analysis is detailed in the Commentary of the ASCE Specification [12] . A target reliability index of 2.5 for stainless steel structural members is used as a lower limit in this study. The design rules are considered to be reliable if the reliability index is greater than or equal to 2.5. The resistance factors (φ 0 ) of 0.85, 0.90 and 0.91 for the design axial strength, and 0.90, 0.90 and 0.91 for design flexural strength as recommended by the ASCE [12] , AS/NZS [13] and EC3 [16] specifications, respectively, were used in the reliability analysis. The load combinations of 1.2DL+1.6LL, 1.25DL+1.5LL and 1.35DL+1.5LL were used in the reliability analysis for ASCE [12] , AS/NZS [13] and EC3 [16] , respectively, where DL is the dead load and LL is the live load. The Eq. 6.2-2 in the ASCE Specification was used in calculating the reliability Tables 11-18 for each test series,   and Table 19 for all test specimens. In calculating the reliability index, the correction factor Eq. F1.1-3 in the North American Specification for the design of cold-formed steel structural members AISI S100 [18] was used to account for the influence due to a small number of tests. Tables 11-18 for each test series, and Table 19 for all test specimens.
Design rules and comparison with beam-column strengths
General
The unfactored design strengths (nominal strengths) for members subjected to combined compression and bending were calculated using the following three specifications:
• American Society of Civil Engineers (ASCE) Specification [12] for the design of cold-formed stainless steel structural members.
• Australian/New Zealand Standard (AS/NZS) [13] for cold-formed stainless steel structures.
• European Code (EC3) [16] : Design of steel structure -Part 1.4: General rulesSupplementary rules for stainless steels.
The effective length (l e ) of the beam-column specimens was assumed to be equal to the length between the two ends of the wedges, as shown in Fig. 2 . The effective length of the beam-column specimens are shown in Tables 11-18 . The design strengths were calculated using the average measured cross-section dimensions and the measured material properties for each specimen as detailed in Tables 1-9 . The design rules provided in these three specifications for stainless steel members under combined axial load and bending for SHS and RHS are described in this Section. It should be noted that these specifications do not cover the material of lean duplex stainless steel. Therefore, the current beam-column design rules for lean duplex stainless steel are assessed in this study.
The test strengths are compared with the unfactored design strengths (nominal strengths) for the combined compression and bending tests as shown in Tables 11-19 , where P ASCE , P AS/NZS , P EC3 , M ASCE , M AS/NZS and M EC3 are the design axial loads and design second-order elastic moments predicted using the ASCE Specification [12] , AS/NZS Standard [13] , and EC3
Code [16] for stainless steel structures. The available test strengths of cold-formed lean duplex stainless steel columns [2] and flexural members [5] of the same batch of specimens as the beam-column specimens are also used in the comparison, in order to investigate the full range of beam-column interaction curve for each series of tests. The second-order elastic moments corresponding to ultimate axial loads obtained from the tests are calculated using Eq. (2), where P Exp and M end,Exp are the experimental ultimate axial load and the corresponding end moment. The test strengths are compared with the interaction curves obtained from the three specifications as shown in Figs. 6-13 , where the vertical axis shows the axial compressive load normalized with the load at yielding (P y ), which is equal to 0.2% proof stress (σ 0.2 ) multiplied by the full cross-section area (A), and the horizontal axis shows the second-order elastic moment (M e,u ) normalized with the plastic moment (M pl ) that is equal to 0.2% proof stress (σ 0.2 ) multiplied by plastic modulus (W pl ).
American Specification
The unfactored beam-column strengths (nominal strengths) for the SHS and RHS members subjected to axial compression and minor axis bending in the ASCE Specification [12] are calculated by Eqs. (3 -5) in this study,
where P u is the design axial compressive strength; M e,u is the design second-order elastic moment, which is calculated by M e,u = M end,u /(1-P u /P e ); M end,u is the design end moment, which is calculated by the design axial compressive strength (P u ) multiplying by loading eccentricity (e + δ ); C m is a coefficient and taken as 1.0 in this study; P n and M n are the nominal axial strength and flexural strength calculated by the design rules for columns and beams in the ASCE [12] , respectively; P no is the nominal axial strength taken the buckling stress as the yield stress in the ASCE [12] . In this study, the design axial compressive strength (P u ) and design second-order elastic moment (M e,u ) in the ASCE [12] 
European Code
According to clause 5.5 of the EC3 Part 1.4 [16] , the interaction equation for members subjected to axial compression and minor axis bending is shown in Eq. (6),
where P u is the design axial compressive strength; M end,u is the design end moment, which is calculated as the design axial compressive strength (P u ) multiplying by loading eccentricity (e + δ ); P n is the nominal axial strength calculated by the design rules for columns in the EC3 [16] ; e N is the shifts in the neutral axes when the cross-section is subject to uniform compression, which is taken as zero for the RHS and SHS in this study. β W is the coefficient, W pl is the plastic modulus of full cross-section, f y is the yield stress, and k z is the interaction factor. Section classification of the specimens is required to calculate the design strengths.
The design axial compressive strength (P u ) calculated using Eq. (6) Table 19 .
Generally speaking, the EC3 Code [16] provides the most conservative and scattered predictions. The interaction factor (k z ) affected the shape of the interaction curves. The conservative predictions of the beam-column strengths were mainly contributed by the conservative predictions of the axial strengths and flexural strengths in the EC3.
Conclusions
A test program on cold-formed lean duplex stainless steel square and rectangular hollow sections subjected to combined axial compression and minor axis bending was conducted.
Eight series of test specimens with various eccentricities were tested. The test strengths were compared with the design strengths calculated by the American, Australian/New Zealand, and European specifications. The normalized beam-column interaction curves of the design strengths predicted by the three specifications as well as the test strengths were plotted. It should be noted that these three specifications do not cover the material of lean duplex stainless steel, and thus their applicability in designing lean duplex stainless steel beam-columns was assessed. Generally, the current design specifications are conservative and reliable in predicting the beam-column strengths of cold-formed lean duplex stainless steel in this study. It is shown that the European Code provides the most conservative and scattered predictions compared to the American Specification and Australian/New Zealand Standard.
Notation
The following symbols are used in this paper: 
